ABSTRACT. Using dense networks of three-component seismometers installed in direct contact with the ice, the seismic activity of Gornergletscher, Switzerland, was investigated during the summers of 2004 and 2006, as subglacial water pressures varied drastically. These pressure variations are due to the diurnal cycle of meltwater input as well as the subglacial drainage of Gornersee, a nearby marginal icedammed lake. Up to several thousand seismic signals per day were recorded. Whereas most icequakes are due to surface crevasse openings, about 200 events have been reliably located close to the glacier bed. These basal events tend to occur in clusters and have signals with impulsive first arrivals. At the same time, basal water pressures and ice-surface velocities were measured to capture the impact of the lake drainage on the subglacial hydrological system and the ice-flow dynamics. Contrary to our expectations, we did not observe an increase of basal icequake activity as the lake emptied, thereby raising the subglacial water pressures close to the flotation level for several days. In fact, the basal icequakes were usually recorded during the morning hours, when the basal water pressure was either low or decreasing. During the high-pressure period caused by the drainage of the lake, no basal icequakes were observed. Furthermore, GPS measurements showed that the glacier surface was lowering during the basal seismic activity. These observations lead us to conclude that such icequakes are connected to the diurnal variation in glacier sliding across the glacier bed.
INTRODUCTION
Icequakes are seismic events inside glaciers, ice streams, frozen lakes or other large bodies of ice. For several decades they have been subject to a variety of studies. One benchmark was set by Neave and Savage (1970) , who associated seismic events on Athabasca Glacier, Alaska, USA, with the opening of surface crevasses. Thirty years later Deichmann and others (2000) showed that, although an alpine glacier's seismic activity is dominated by crevasse openings, icequakes can occur at any depth. Whereas seismic emission from glacial ice has been studied in a variety of contexts such as the breaking-off of hanging glaciers (J. Failettaz and others, unpublished information) and glacier calving O'Neel and others, 2007) , seismic sources near the glacier bed are usually linked to basal motion and subglacial hydrology. Weaver and Malone (1979) studied seismic events on glacierized volcanoes in the Cascade Range, USA. They reasoned that a number of their detected signals were due to sudden slip motion of the glacier across the bedrock. Métaxian and others (2003) investigated icequakes detected on Cotopaxi volcano, Ecuador. They detected signals which most likely originated from resonances of water-filled ice cavities, which may be activated by ice cracking or sudden changes in water flow near the glacier base.
Basal icequakes have been used to study conditions beneath Antarctic ice streams. Frequent radiation of seismic energy from near the ice-stream base is usually associated with the absence of a deformable sediment layer, which is assumed to be a controlling factor in ice-stream dynamics (e.g. Anandakrishnan and Bentley, 1993; Anandakrishnan and Alley, 1994; Smith, 2006; Danesi and others, 2007) . Stuart and others (2005) studied the seismic emissions from a surging glacier in Spitsbergen, Svalbard. They found that specific basal icequakes may be directly related to the surging process. These icequakes originate from cracks ahead of the surging front, through which water penetrates to the bed. This induces lubrication and heat transfer, which allows the surge front to move down-glacier.
In the present work, we study basal icequakes and their relation to changes in the subglacial water pressure. There are two main processes which induce these pressure changes by altering the water input to the subglacial drainage system: the daily increase in surface melt during the warm hours of the day; and the sudden drainage of Gornersee, a marginal lake at the confluence of the two main tributaries of Gornergletscher, Switzerland. In both cases, we observed increases in water levels inside boreholes of 100 m or more. Because this study was part of a comprehensive field and modelling investigation of the drainage of Gornersee, we had the opportunity to include data on glacier hydrology and dynamics in the seismic analysis.
The sudden drainage of water masses located inside, beneath or at the margin of a glacier is a well-known phenomenon referred to by the Icelandic term jökulhlaup. During a jökulhlaup, the discharge of affected proglacial streams can increase rapidly, often with hazardous consequences. Peak discharges can differ by several orders of magnitude. Estimates for Pleistocene events are as high as 20 × 10 6 m 3 s −1 (Roberts, 2005) , whereas the peak discharges of Gornersee are of the order 10 m 3 s −1 . The highly destructive potential of jökulhlaups underlines the need for investigations aimed at predicting the magnitude and onset of drainage events (Haeberli, 1983; Richardson and Reynolds, 2000; Björnsson, 2002; Raymond and others, 2003) . The theoretical treatment of jökulhlaups poses two particular challenges: a description of the initiation mechanism and a description of the flow of water through englacial or subglacial channels. A model describing the evolution of englacial channels as a competition between meltenlargement and creep-closure has been studied and applied to a variety of flood events (Nye, 1976; Spring and Hutter, 1981; Clarke, 2003) . These studies, however, do not account for the possibility of brittle deformation of glacier ice. Roberts and others (2000) showed that fracture processes play an important role in the englacial routing of floodwater during a jökulhlaup. They identified hydrofracturing as a mechanism responsible for fracturing the ice. Fractures are driven into the ice above the glacier bed when the hydraulic pressure exceeds the threshold of the overburden pressure plus the tensile strength of the ice. Clarifying the role of brittle deformation of glacier ice during the onset and progress of the drainage event was a major motivation for this study.
FIELD SITE
The field experiments were conducted on Gornergletscher near Gornersee, which forms annually at the confluence of Gornergletscher and Grenzgletscher located next to the Monte Rosa massif in Switzerland's canton Valais (Fig. 1) . The lake can contain up to several million cubic metres of water and drains subglacially almost every summer. For detailed discussions of Gornersee outburst floods, in particular those of 2004 and 2005, the reader is referred to Huss and others (2007) and Sugiyama and others (2007) .
At the initiation of the outburst floods, the lake volumes in 2004 and 2006 were of comparable sizes at about 4 × 10 6 m 3 . In 2004, the lake drained subglacially with peak discharges of about 15 m 3 s −1 . A rapidly rising discharge curve and large uplifts of up to 3 m of the glacier surface (Weiss, 2005) near the lake suggest ice-dam flotation as a possible triggering mechanism. In 2006, Gornersee drained across the glacier surface. The lake level rose until a narrow lake arm reached a nearby moulin. The overflowing lake water almost immediately filled the moulin, raising its water level to that of the lake. After about 1 day, the moulin had adjusted to the large amount of lake water input. Consequently, a strong current developed inside the lake arm. The water flow gradually melted a spillway into the ice, converting the lake arm into a fast-flowing stream. The slow deepening of the canal formed a canyon and only allowed for peak discharges of less than 5 m 3 s −1 . Figure 1 shows the locations of the seismic networks installed in 2004 and 2006, consisting of 14 and 24 seismometers, respectively. Other measurement sites relevant to this work are shown in the detailed maps of the seismic arrays in Figure 2 . The set-up consisted of three-component seismometers recording the velocity of ground motion in direct contact with the ice. The analogue seismic signals were converted to digital signals by a seismic recorder (Geode by Geometrics). Up to eight seismometers could be linked to one geode. The geodes applied an anti-aliasing low-pass filter, whose frequency response decreased by 3 dB at 83% of the Nyquist frequency. Apart from an analogue-to-digital high-pass filter, which only affected frequencies below 2 Hz, no additional filters were applied at the recording stage. The geodes were linked in series via an ethernet cable. A laptop computer equipped with an external hard disk was connected to the Master Geode and served as a storage device.
SEISMIC SET-UP AND INSTRUMENTATION
Synchronization of all channels is guaranteed by the recorder, while absolute time is provided by the laptop-computer clock.
The majority of instruments were 1 Hz seismometers (Lennartz LE-3D, referred to as surface seismometers) placed on the glacier surface. The manufacturer specifies a flat frequency response up to 80 Hz. Surface melt required daily leveling of these instruments. In addition, 28 Hz geophones (Geospace GS-20DH, referred to as deep-borehole seismometers) were placed in boreholes drilled with a hot-water drill to depths of 50-250 m.
In 2006, six additional 8 Hz borehole seismometers (Geospace GS-11D, referred to as shallow borehole seismometers) were installed at a few metres below the surface. The frequency response was assumed flat for both types of borehole seismometers, at least up to the corner frequency of the anti-aliasing filter.
An amplification of 24 dB and 36 dB was applied to the surface seismometers and the borehole seismometers (both 8 Hz and 28 Hz devices), respectively. Table 1 summarizes the values of recording parameters that differed in the two field seasons. Because the recorders were not equipped with the software module necessary for continuous recording, only events detected by an automatic self-trigger algorithm were recorded.
The trigger operates in the following way. A root-meansquare (rms) value of two concurrent time windows is computed. The rms values over the previous 800 ms long-term average (LTA) window and the previous 80 ms short-term average (STA) window are calculated and compared. When the ratio γ = STA/LTA exceeds a given threshold (Table 1) , that station is said to have triggered. In order to initiate recording, a minimum of n trig channels had to satisfy the trigger condition. The trigger algorithm was applied to all three channels of each seismometer. Since for both years n trig > 3, a single three-component seismometer could not trigger the system. Once activated, recording took place for t rec (s). The recording window also included the signal detected prior to triggering, indicated by t pre . In order to avoid multiple triggering per event, the trigger remained unarmed for a few tenths of a second after event detection.
2004 configuration
In 2004, 14 surface and 1 deep borehole seismometer (100 m depth) were operational between 15 June and 8 July (Fig. 2) . The seismometer names were selected according to the geode they were connected to. Two geodes were used for the 2004 network, each connected to seven seismometers. Geode A served as the Master Geode, to which the recording laptop computer was connected.
2006 configuration
In 2006, the seismic set-up consisted of 15 surface seismometers, 3 deep-borehole seismometers (at depths of 40, 140 and 250 m) and 6 shallow-borehole seismometers, operational between 29 May and 28 July (Fig. 2) . Three geodes (F, G and H) were used to connect the seismometers to the recording laptop computer located at Geode F (Master Geode). Figure 2 also shows the location of the moulin, into which the lake drained. Less than 40 m away, a borehole (BH6) had been drilled to the glacier bed and a pressure transducer installed. This allowed us to monitor the basal water pressure in the vicinity of the moulin. As the lake drained into the moulin, these measurements were particularly valuable. (Neave and Savage, 1970; Aschwanden, 1992; Deichmann and others, 2000) , the vast majority of the recorded signals were due to seismic sources close to the surface, probably associated with the opening of crevasses. Less than 0.5% of all recorded events have been located at depths below the crevassing zone. However, these events are of particular interest in the context of this study, as they may be related to water propagation through sub-or intraglacial channels.
Identification of deep events
Because of the large number of recorded seismic signals, a form of automated signal recognition had to be used. We developed two techniques to identify the seismograms of deep icequakes among the large datasets: an automated waveform discriminator, based on the presence or absence of the Rayleigh phase, and a cross-correlation search.
The seismograms of deep icequakes show substantial differences to those originating from shallow depths (Deichmann and others, 2000). The P-wave recorded by nearsurface sensors is very impulsive and strongest on the z-component. Additionally, the Rayleigh phase which is characteristic of signals of shallow icequakes is missing or much less pronounced in the records of deep events. Since the Rayleigh phase produced by shallow icequakes is of lower frequency than P-and S-phases, which dominate the deep icequake signals, the frequency of the dominant phase can be used as an automated waveform discriminator.
Once the waveform discriminator finds a set of deep events based on the frequency content, a time-domain crosscorrelation can be used to find events with similar seismograms. We cross-correlate the z-component time series of a 'master' event with those of all other events detected in that particular field season. Each track is cross-correlated independently, which means that each track may show a maximum cross-correlation at a different lag. The spread in lag differences s lag and the maximum cross-correlation coefficient R max are used to quantify waveform similarity. Perfect similarity is indicated by R max = 1 and s lag = 0. The crosscorrelation search identified up to several dozens of events with similar seismograms that had previously been missed by the waveform discriminator.
Hypocentre location procedure
The icequake locations were found using a procedure described by Lee and Steward (1981) . An inversion algorithm searches for locations in space yielding theoretical P-and S-arrival times as close to the hand-picked ones as possible. The theoretical arrival times were calculated with seismic velocities input by the user. Specifying higher velocities for the deep-borehole seismometers accounted for crevasses and fissures near the glacier surface known to cause a slower seismic velocity zone within the upper 20 m (Gischig, 2007) .
The seismic velocities which we used were determined via a set of explosions at distinct locations throughout the seismic network. The arrival-time accuracy was usually 5 ms or better. The uncertainties in locations are given by one standard deviation of the location errors calculated from the diagonal elements of the inverse normal equations scaled by the assumed timing errors. The uncertainties were usually no larger than 10 m in all directions. In some instances, however, they were as high as 30 m. The vertical component was generally subject to larger uncertainties than the horizontal component.
RESULTS

Deep icequake locations 2004 locations
More than 80 deep events were identified and located in the summer of 2004. Most of these are clustered in two distinct regions near the glacier bed. The epicentres of the remaining deep events are outside the seismic array. Consequently, the quality of their locations is poor and does not allow for further analysis of their source depths and possible clustering activity. Figure 3 shows the epicentres of the two basal clusters inside the seismic network. The clusters contain about 30 events each, and their signals show a high degree of similarity, making them very suitable for the crosscorrelation search and suggesting that they have similar source mechanisms.
The hypocentres are located at depths of 150 m. This corresponds closely to the glacier thickness as determined by radio-echo soundings (Huss, 2005) . These thickness measurements, however, can contain an error of up to 20% of the thickness. Taking the uncertainties of the icequake locations also into consideration, we cannot determine at this point whether the icequakes are at the ice-bedrock interface, just above or just below it. The signals of the westernmost 2004 cluster (Fig. 3) show a higher degree of similarity than Figure 4 shows the first seven recordings from this cluster, which occurred over a period of about 1 week. The events belonging to this subset show particularly high coherence. Any pair of seismograms belonging to this subset yields a correlation coefficient R ≥ 0.86 when using the entire waveform, and R ≥ 0.98 when using the first P-arrival only (using a bandpass filter between 5 and 80 Hz).
As in most of the basal icequakes considered in this study, signals of those shown in Figure 4 lasted between 0.1 and 0.2 s at all stations. Figure 4 also shows typical impulsive P-arrivals, which are particularly pronounced on the vertical component. The second main phase is the direct S-arrival, whereas no significant Rayleigh wave can be seen.
As well as the two basal clusters, about 25 deep icequakes located about 500 m northwest of the array were found. For these, the location quality in all dimensions is very poor (uncertainties of up to 100 m). This is due to the bad azimuthal coverage of recording seismometers. However, the signals show impulsive first arrivals, which is typical for deep icequakes. Furthermore, the first motions of the P-waves recorded at the deep-borehole seismometer indicate that the hypocentres lie at depths comparable to the depth of this seismometer (100 m). Whereas the clustered events lying within the network have pronounced P-and S-phases, the signals of the deep events lying outside the seismic network have little or no S-energy. However, about 40 deep icequakes in the 2006 set were not associated with a cluster. Of these 40 scattered events, more than half were reliably located at intermediate depths within the ice. Their sources were therefore unlikely to be associated with surface crevassing, which is confined to depths of about 20 m (Paterson, 1994) , or with basal brittle fracture. Deichmann and others (2000) found only one such event on Unteraargletscher, Switzerland. Although the location quality was good, it seemed questionable that among over 300 located icequakes on Unteraargletscher, only one occurred at intermediate depths and several dozens occurred near the glacier base. Figure 3 shows the region of highest activity, containing five clusters with over 120 events. The size of the clusters varies significantly: they contain between ∼10 and 50 icequakes. Most deep icequakes show the typical impulsive P-arrivals which are usually compressive, possibly indicating an isotropic source. However, unlike in 2004, some events also show dilatational first arrivals which may be evidence for a deviatoric source.
locations
Icequake activity
Variations in icequake activity on different timescales are now discussed. The focus is directed to the 2004 and 2006 basal-cluster events depicted in Figure 3 . As will be shown, the activity of the basal-cluster events reaches its maximum during times when the remaining seismicity, consisting almost exclusively of surface icequakes, is relatively low.
Influence of trigger
Water flow on the surface and within the glacier can substantially increase the seismic background noise of the glacier and thus decrease the trigger sensitivity of the instruments. Enhanced water flow can be the result of precipitation events. Precipitation records of 2004 and 2006 show several such events throughout the summer. We scrutinized the datasets to determine if the timing of precipitation events may have introduced a substantial bias to the trigger sensitivity and thus event detection. The patterns in event detection presented here show no systematic dependence on the occurrence of precipitation events. Regarding changes of seismic activity on a diurnal scale and with respect to the lake drainage, we therefore conclude that the changing trigger sensitivities induced by precipitation events may be neglected.
The diurnal surface melt cycle does, however, induce a considerable trigger bias. During the day, meltwater runoff into streams and moulins increases the seismic background noise of the glacier. Because the trigger is effectively measuring the signal-to-noise ratio (using the STA/LTA threshold), as noise increases the trigger sensitivity decreases. This means that the trigger is more sensitive at night or in the early morning hours. As we are concerned with secular variations in seismic activity, we must account for variations in trigger sensitivity that could falsely be interpreted as seismic activity variability. In this section and in section 5.3, the approach to this problem is explained in detail using the 2004 set of recorded signals. An equivalent procedure was applied to the 2006 data.
The changing trigger sensitivity also affects the performance of the waveform discriminator. Events with high signalto-noise ratios are more easily identified, a characteristic that deep events during the night are more likely to possess than those during the day. The cross-correlation technique, however, is less sensitive to changes in background noise, as prior to performing the cross-correlation the signals are bandpassfiltered between 5 and 200 Hz.
Because the majority of identified deep icequakes occur in clusters and have similar signals (Figs 3 and 4) , the crosscorrelation technique detects these events efficiently once a single or a few members of the cluster are found. If events were only found via the waveform discriminator it would be difficult to judge whether their occurrence reflects actual seismic activity or merely a time of low background noise with high signal-to-noise ratios. On the other hand, the cross-correlation technique permits event detection that is less sensitive to background noise. Therefore, we have only analyzed clusters whose event detection was via the crosscorrelation technique.
In order to investigate the changing trigger sensitivity, the relative strengths of the recorded signals were determined. For each event, the median of the maximum amplitudes of all seismometers was computed. Figure 5a shows the result for the 2004 data. Varying on a diurnal scale, as expected, the median count level of the weakest signals can be used as a proxy for trigger sensitivity. At night, signals can be recorded that would be too weak to trigger the system during the day. Therefore, these 'weak' events may reflect the trigger sensitivity rather than diurnal variations in seismic activity. From Figure 5a we assume that above a median count level (calculated by taking the median of the maximal amplitudes at all 14 seismometers) of 1000 counts (horizontal line in Fig. 5a ), the recorded events form a complete set ('strong' events), meaning that they would be strong enough to trigger recording at any time of day.
For the 2006 data, those events subject to changing trigger sensitivities were determined in the same manner. The only difference is that the threshold was found to be 2000 counts, twice as high as in 2004. The reason was that the low-level cut-off of icequake median counts is not as clear as in 2004. This is most likely an effect of the different trigger settings (Table 1 ) and the larger number of seismometers.
To confirm the robustness of the cross-correlation search with respect to seismic background noise, we conducted search runs with 2004 basal-cluster signals to which we artificially added noise. The goal was to examine if signals with added daytime noise generally do not pass the search criteria whereas those with night-time noise do. In that case, the changing background noise of the glacier strongly influences the performance of the cross-correlation search.
The noise time series was extracted from a 0.5 s pre-event time window of the regular 2 s event files. The 0.5 s of seismic noise was then concatenated with itself to a 2 s noise time series. For each day during which basal-cluster icequakes were detected, 24 noise seismograms were constructed, each containing noise from a different hour of the day. To these noise time series we added the basal-cluster signals of the same day. We then performed the cross-correlation search on each cluster using the time series that consisted of the sum of noise and signal.
From the 24 strong basal-cluster events that were found in 2004, 17 events were detected by the cross-correlation search in all cases of added noise. Three events were no longer detected during several or all hours during both day and night. Two events failed detection with daytime noise while passing detection with night-time noise. However, this was only the case during one or two afternoon hours. Only two events were so weak that they could only be detected during low-noise morning hours. We therefore conclude that for the majority of strong basal-cluster events, detection via cross-correlation search is not sensitive to changing seismic background noise.
Background glacier seismicity (2004)
Before the lake drained, 20-100 events per hour were recorded (Fig. 5b) . Note that between 25 and 29 June only one Figure 3 , the solid columns only those with median counts above 1000. Note that no basal-cluster events were detected after the beginning of the lake drainage.
geode was operating, which is the probable cause of reduced daily peaks. As the lake drained, the number of strong events increased to more than 150 per hour on 5 July. During the first half of the drainage, the fraction of weak icequakes was significantly larger than during the maximum of the seismic activity on 5 July, when the large majority of recorded icequakes passed the median count cut (Fig. 5b ). It is difficult to assess the meaning of this observation, since the locations of these icequakes have not been determined. The change in relative abundance of recorded weak and strong signals may be due to changes in location, source strength or different levels of seismic background noise. As shown in Figure 5c , up to 12 basal-cluster events per day were found. Almost half of them are strong enough to pass the median count cut. On 1 July, just prior to the lake drainage, 12 basal-cluster events occurred. Although most of them are weak, this seems to mark a period of high activity. During the following days, while Gornersee drained (between 2 and 7 July which marks the end of the recording), no more basal-cluster events were detected. Yet on 2, 3 and 4 July the night-time seismic noise level appears to be low enough to allow recording of weak basal-cluster events as on 1 July. After 5 July, the lake drainage seems to increase the seismic background noise significantly (Fig. 5a ). This probably inhibits recording of weak events even during the night.
Diurnal activity
It is clear from Figure 5b that the activity of icequakes shows significant variations within a diurnal range. To illustrate these variations, the icequake occurrence (source times) stacked for each hour of the day is shown in Figure 6 . Only days that show no gaps in recording were used for this stack (Fig. 5  caption) . The icequake activity as determined from all strong recorded signals (black solid curve) reaches a daily maximum in the early afternoon. During night-time and morning hours the activity is much lower. This is expected since during the warm hours of the day, glacier flow reaches a maximum due to basal sliding. Note that the diurnal signal in activity does not appear when including the weak events (dotted curve). We suggest that the larger number of recorded weak events compensates for the actual lower activity rate at night.
The small subset of basal-cluster events shows a different diurnal variation (Fig. 6a) ; none of the strong basal-cluster events occur during the times of maximum seismic activity shown by the black curve. Instead, they tend to occur during the early morning hours or late at night when the overall seismic activity reaches a low.
As can be seen in Figure 6b , the data of 2006 reproduce these diurnal fluctuations in icequake activity. Again, when considering the set of 'strong' icequakes, the overall seismic activity reaches a maximum between early and late afternoon. On the other hand, the activity of basal-cluster events is highest during night-time and the early morning hours.
The systematic occurrence of the stronger deep icequakes, which is opposite to that of the overall seismic activity, is a central point of the present work. This is a robust observation because potential biases of the diurnal variations of the trigger sensitivity were accounted for by considering only those icequakes above the median count threshold. Furthermore, as we showed above, the daytime seismic background noise is not strong enough to prevent detection of strong basalcluster icequakes via cross-correlation search.
In order to stress this point, consider the 17 strong basalcluster events that are detected despite the addition of daytime noise. None of the basal-cluster events of 2004 occurred between 1200 and 2000 h, an 8 hour long time window. If the 17 strong ones occurred randomly throughout the day and independently of each other, then the probability of not detecting any of them between 1200 and 2000 h would be (1 − 8/24) 17 = 0.001. We therefore attribute the systematic detection of basal-cluster icequakes during night-time hours to changing source activity and not to changes of the detection threshold due to diurnal variations of the seismic background noise.
DISCUSSION
The analysis of the diurnal activity of the basal-cluster icequakes demonstrated the following main results. First, strong basal-cluster events occur predominantly in the morning hours or late at night. Second, the overall seismic activity of the glacier, in contrast to that of the basal-cluster events, is maximal in the afternoon. Third, there is no evidence that the lake water input leads to an increase in basal-cluster events. In fact, during the 2004 subglacial drainage and at the onset of the 2006 overflow of Gornersee, no basal-cluster icequakes were detected.
These results cannot be explained by hydrofracturing, by which cracks are opened up with high water pressures. If this were the process responsible for the basal-cluster events, high source activity would be expected during the warm hours of the day when meltwater enters the subglacial drainage system with the potential to drastically increase basal water pressures. In addition, the influx of water due to the lake drainage alters the subglacial hydrological conditions to favour rather than suppress hydrofracturing.
Comparison with basal water pressure
A comparison between the source times of basal-cluster icequakes and the time series of basal water pressures measured in nearby boreholes is further evidence against hydrofracturing. Figure 7 shows the pressure-sensor data from boreholes BH430 (2004) and BH6 (2006) . Their locations are given in Figures 1 and 2 . Whereas borehole BH430 was somewhat remote from the 2004 seismic network and the basal-cluster events detected that year (about 800 m from the centre of the seismic array), borehole BH6 was drilled in the immediate vicinity of the 2006 cluster and of the moulin that the lake drained into (Fig. 3) . Prior to the lake draining, both time series show large diurnal pressure fluctuations of up to 100 m or more which almost reach flotation level during pressure peaks. This is evidence for the good connection of the boreholes to the subglacial drainage system. During the 2004 lake drainage, for about 4 days, the basal water pressure remained high even during night-time when it usually drops. Diurnal pressure (Fig. 2) . Note that the basal-cluster icequakes occurred at times when the surface was lowering.
fluctuations are therefore much less pronounced. Note that the pressure rise is not exactly coincident with the beginning of the lake drainage. This time lag may be due to the distance between lake and borehole. It is also difficult to define an accurate beginning of the 2004 drainage event, since superglacial drainage and ice-dam flotation preceded or accompanied the subglacial drainage (Huss and others, 2007) . In 2006, a similar pressure rise was observed during the beginning of the drainage. Again, for about 2 days, the water pressure did not fall during the night. This high pressure level was also observed at the surface. Once the lake overflowed into the moulin, it quickly filled it so that the water level reached the glacier surface. However, unlike in 2004, the subglacial drainage system adjusted to the water input after about 1 day and the diurnal pressure fluctuations manifested themselves once again. Figure 7a and b also indicate the source times of the basalcluster events in 2004 and 2006 . In 2004 cluster events occur on the falling limbs of the diurnal pressure peaks. None occur at the pressure peaks. Furthermore, no basal-cluster icequakes occur just prior to and during lake drainage.
The 2006 basal-cluster events (Fig. 7b ) occur almost exclusively at the lowest pressures measured on the day of their occurrence. As in 2004, no basal-cluster events were detected during the high-pressure period of the lake drainage. Basal-cluster events were recorded again after the moulin saturation when pressure fluctuations resumed.
Summarizing the comparison between the diurnal fluctuations of basal-cluster icequake activity and basal water pressure, it can be stated that there is no evidence that high water pressures cause basal icequakes. Instead, these seismic events seem to occur during low or decreasing water pressures. It is therefore unlikely that hydrofracturing is the cause of these seismic events.
Comparison with surface motion
Between 1 and 5 July 2006, continuous global positioning system (GPS) measurements are available from a receiver installed near station F6 (Fig. 2) . Figure 8 shows the (average) stacked surface uplift for this time period. The accuracy of a single GPS measurement is ±0.3 cm (Sugiyama and Gudmundsson, 2004 ). The figure also shows the stacked basal water pressure during the same period as measured in borehole BH6, as well as the temporal occurrence of basal-cluster events detected in this time period.
The GPS data were very noisy and were smoothed before stacking. This was done using a moving-average filter given by the function [1−(d /w) 2 ] 2 , where d is the distance in time from a data point to the centre of the filter and w = 4 hours is the filter length. In addition, an overall trend was subtracted from the time series. It should be mentioned that the GPS data were too noisy for time derivatives of the horizontal coordinates to reliably determine diurnal fluctuations in horizontal surface velocities.
The surface uplift shows a pronounced diurnal fluctuation. The peak is reached at around 2000 h local time, whereas the minimum occurs just before noon. The surface lowering during the morning hours is interrupted by a small bump starting at around 0400 h. This feature can also be seen in the unstacked data. The origin of this change in lowering rate is unknown.
These fluctuations from the overall trend have an amplitude of about 1 cm, which is several times smaller than the diurnal uplifts observed further down on the glacier tongue (Weiss, 2005; Huss and others, 2007) . The reason for this is probably that, further down, the glacier bed becomes horizontal. This allows for the temporary storage of daily meltwater with the potential to lift up the glacier over larger regions. However, under the seismic study site, only the glacier's surface is horizontal, whereas its bed is strongly inclined (Fig. 3) . Meltwater runs down this incline and can only be stored in small quantities in local depressions. A large uplift of the glacier over larger areas is therefore not possible. Figure 8 shows the key relationship between surface uplift and the source times of the basal-cluster events. The latter occur exclusively during the period of surface lowering. Considering also the weak events (empty bars), the figure suggests that the basal-cluster events may be related to the bump that interrupts the overall lowering of the surface. Another interesting observation is that the surface uplift reaches its maximum after that of the basal water pressure. Sugiyama and Gudmundsson (2004) made the same observation on Unteraargletscher.
Source mechanism
A central yet unanswered question that arises from this investigation is: what mechanism causes basal clustering of icequakes? The seismic moment tensors of these events would give quantitative information about fault geometry and strength and failure mechanism (e.g. double-couple or isotropic) and are therefore of high value in answering this question. As a second step, modelling glacier flow subject to strong changes of basal boundary conditions can provide clues about the deformation of basal ice layers. The modelled stress and strain fields can help explain why the fracture types as given by the moment-tensor solutions occurred. Here, we discuss possible source mechanisms, considering the temporal fluctuations in activity and observed seismogram characteristics.
One possible reason for icequakes near the ice-bedrock interface may be sudden slip motion of the glacier. Previously, such motions were studied under Antarctic ice streams (Anandakrishnan and Bentley, 1993; Anandakrishnan and Alley, 1994) , which have a sliding component to their motion. Weaver and Malone (1979) concluded that seismic signals obtained from monitoring three Cascade volcanoes in Washington State, USA, also originated from such motion. Considering the signal characters, we now present evidence against such a source.
A slip motion is a shear failure near the base of the glacier. It produces a seismic radiation pattern consistent with a double-couple source (Aki and Richards, 1980) which is a function of the azimuth of the vector connecting source and recording station. This dependence manifests itself in a quadrantal azimuthal distribution of compressive and dilatational first arrivals of the seismic waves. Specifically, if the slip occurs in a plane parallel to the glacier bed and in the downhill direction, the first P-wave motions uphill of the failure region will exhibit dilatational polarity, whereas those downhill of it are compressive (for a discussion of seismic radiation patterns of specific sources see Aki and Richards, 1980) . Anandakrishnan and Bentley (1993) noticed first-arrival patterns that are expected for slip motion under Ice Streams B and C, Antarctica. As far as the present study is concerned, all of the 2004 and the large majority of the 2006 basalcluster events show compressive first motions. Scrutinizing one of the 2004 basal clusters, it was found that slip motion in the direction of the bed inclination cannot produce compressive first arrivals at all stations (Gischig, 2007) . Although full waveform inversions to calculate the seismic moment tensor are needed to rigorously describe the seismic sources of the basal-cluster events, the radiation pattern of first arrivals indicates that stick-slip motion is not responsible for the majority of basal-cluster events.
Basal processes
Tensile failures within the basal ice layer can produce compressive first motions at all azimuths and thus seem more plausible than shear failure. Hydrofracturing can cause these kinds of failures. For instance, pressurized water may enter pre-existing cracks and extend them. This process has been studied theoretically for surface and bottom crevasses (Van der Veen, 1998a ,b, 2007 . However, we also reject this kind of mechanism due to the diurnal activity of the basal-cluster events, which tends to peak at low or decreasing water pressures.
The dependence of glacier sliding on basal water pressure provides a better explanation than hydrofracturing. In the remainder of this discussion we make some propositions about how sliding may affect basal-cluster activity and what role basal water pressure might play.
Equation (1) is an empirical relation between sliding velocity u, basal shear stress τ and the difference between basal water pressure p w and ice overburden pressure p i , also called effective pressure (Paterson, 1994) :
where p and q are positive integers and k is a constant that depends on the thermal and mechanical properties of the glacier ice and increases with decreasing bed roughness. According to Equation (1), sliding is drastically enhanced for subglacial water pressures approaching the ice overburden pressure, which is the case at or near the study sites of the present work (Fig. 7) . If the water pressure reaches flotation level over a large enough region of the glacier bed, it can decouple the glacier from its bed. On the other hand, the large diurnal water-pressure drops near the bed lead to a strong decrease in sliding. As the basal ice layer couples to the bed again, it has to undergo large deformation rates, due to the braking action of the bedrock on the glacier base.
We suggest that this deformation of basal ice is responsible for its tensile fracturing and thus causes the basal-cluster icequakes. Although the coupling of the ice to the bed may primarily cause shear stresses, failure can still occur in the direction of maximum tension, similar to what is observed in the case of simple shear at glacier margins (Paterson, 1994) . The high basal deformation might be favoured in distinct regions due to the presence of obstacles, high bed roughness or (spatially) unevenly distributed water masses. This can explain the clustering behaviour of these icequakes.
An interesting observation is that the locations of the 2006 clusters did not produce basal icequakes in 2004. An explanation may be the changing subglacial drainage system. At a certain time, a region of the glacier bed may be particularly well connected to the drainage system. The large diurnal basal water-pressure differences result in large deformation rates and fracturing of nearby basal ice during low water pressures. The drainage system may have changed in a subsequent year, and the large pressure fluctuations needed to cause fracturing of the basal ice layer are no longer occurring in this region.
Another explanation for basal-cluster events may be found in the evolution of water-filled cavities at the glacier bed. The bed near the seismic network may have too great an incline (Fig. 3) to allow basal water to accumulate and decouple the glacier over a large region. However, the large diurnal fluctuations in basal water pressure causing varying sliding velocity may still lead to large enough deformation rates of basal ice to cause basal-cluster events. During high basal water-pressure periods, water-filled cavities on the lee sides of bed undulations grow. Iken (1981) showed that this cavity growth greatly enhances sliding. As the pressure drops, the large hydrostatic pressure inside the basal glacier ice causes it to fill the cavities again. During this process, ice may actually flow 'uphill' into the cavity.
The large diurnal fluctuation of the basal water pressures suggests that water may leave such cavities rapidly. In this case, large deformation rates can be expected, as the basal ice closes the cavities rather quickly, possibly leading to basal-cluster events. This process may explain the observation that basal-cluster events occur as the surface lowers (Fig. 8) . The small diurnal lifting and lowering of the surface may be due to the local evolution of cavities. In this case, the lowering would correspond to the closing of these cavities. It should be emphasized, however, that cavity creation is just one of the possible explanations for surface uplift. The latter may also be due to vertical straining, which has also been shown to vary on a diurnal scale (Sugiyama and Gudmundsson, 2003) .
Generally, the basal ice beneath the study site can be expected to be particularly prone to large deformation rates. Whereas the glacier bed is strongly inclined, its surface is nearly horizontal in this region. Consequently, the ice thickness grows quickly in the down-glacier direction. The basal shear stress τ (Equation (1)) essentially has to support large parts of the downhill force on the ice. The downhill force, and hence the basal shear stress, increases with thickness. According to Equation (1), the sliding velocity also increases in the downhill direction, thus leading to stretching of the ice near the glacier bed. This can explain why the basal-cluster events can be expected in this particular part of the glacier.
CONCLUSION
We have studied the effect of diurnal basal water-pressure variations and the drainage of a glacier-dammed lake on seismic emissions near the base of Gornergletscher. This investigation was part of a comprehensive field and modelling effort to understand the interaction of the Gornersee drainage with glacier dynamics and hydraulics. The seismic network thus operated concurrently with acquisition of GPS and borehole pressure data. This allowed for comparison of the glacier's seismic activity, dynamics and hydraulics.
No evidence was found that the passage of the lake water through or under the glacier caused brittle deformation radiating seismic energy. Instead, basal-cluster icequakes predominantly occurred during low or decreasing water pressure. No basal-cluster events were detected during water-pressure peaks caused by the lake drainage and daily surface melt. Therefore, we cannot report the detection of hydrofracturing of basal ice in the vicinity of the study site such as observed by Roberts and others (2000) .
We explain the basal icequake activity detected on Gornergletscher by considering variations in sliding velocity caused by basal water-pressure fluctuations. This model assumes that deep basal icequakes are caused by tensile fracturing near the glacier bed, rather than by stick-slip motion. The compressive arrivals of P-waves observed at all azimuths are also an indication of tensile faulting. Shear faulting as in the case of stick-slip motion would produce a quadrantal pattern of compressive and dilatational P-arrivals (Aki and Richards, 1980) . As a next step, full waveform inversions to estimate source properties should be made to further characterize icequake sources. In addition, numerical ice-flow models can help understand how large basal deformation rates can occur as basal hydrological conditions change. In this view, measurements from inclinometers installed inside the glacier during summer 2006 may be of great value. They also show diurnal signals which are likely to be induced by varying basal water pressures (M. Lüthi, unpublished information).
In any case, passive seismic measurements such as those described here provide a suitable means of studying basal processes. This is particularly interesting in the current study since the lake drainage causes an abrupt perturbation to the subglacial conditions which has a significant impact on the entire glacier.
